Context: Peripubertal obesity is associated with variable hyperandrogenemia, but precise mechanisms remain unclear.
P olycystic ovary syndrome (PCOS) is one of the most common endocrine disorders in women, with a prevalence approximating 7% to 15% (1, 2) . Hallmarks of PCOS include clinical and/or biochemical hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology. PCOS is also associated with metabolic abnormalities, including obesity, insulin resistance, and glucose intolerance. In the setting of obesity, the manifestations and comorbidities of PCOS may be ameliorated by weight loss, suggesting that excess adiposity contributes to its pathophysiology (1) . This relationship partly reflects insulin resistance with compensatory hyperinsulinemia, the latter contributing to hyperandrogenemia by augmenting ovarian and adrenal androgen production, and by inhibiting sex hormone binding globulin (SHBG) production (3, 4) . Nonetheless, the relationships among obesity, insulin resistance, hyperinsulinemia, and hyperandrogenemia remain incompletely understood.
Peripubertal hyperandrogenemia can represent a precursor to PCOS (5, 6) . Peripubertal girls with obesity demonstrate elevated levels of free testosterone (T) compared with their normal-weight counterparts (7) (8) (9) (10) , and weight loss is associated with reduced T levels in such girls (7) . However, androgen concentrations are highly variable in girls with obesity (10) , and the proximate causes of obesity-associated hyperandrogenemia remain unclear (11) . We have previously reported that both morning LH and fasting insulin concentrations independently predict free T in such girls (10). However, fasting insulin level is not the gold standard method for measuring insulin sensitivity (12) , and morning LH and fasting insulin concentrations are imprecise measures of average LH and insulin concentrations, respectively.
To address whether differences in insulin resistance and/or hyperinsulinemia account for variable free-T concentrations in obese peripubertal girls, in addition to a potentially independent role of LH in obesityassociated hyperandrogenemia, we designed a detailed study involving a hyperinsulinemic-euglycemic clamp (insulin clamp), frequent sampling for insulin and LH levels, and a mixed-meal tolerance test (MMTT). Our a priori hypothesis was that insulin resistance is a primary determinant of elevated free T, with greater degrees of insulin resistance being associated with higher free-T concentrations. In addition, we hypothesized that LH concentrations independently predict free-T concentrations.
Subjects and Methods
The University of Virginia (UVA) Institutional Review Board approved all study procedures. The study was registered with ClinicalTrials.gov (identifier NCT00928759). All study participants and custodial parents provided informed assent and consent, respectively.
Eleven adolescent girls with obesity [body mass index (BMI)-for-age percentile .95] were recruited from the local community and the UVA Pediatric Endocrinology and Fitness clinics. Participants' ages ranged from 8.42 to 16.25 years, Tanner breast stages ranged from 1 to 5, and BMI z-scores ranged from 1.86 to 2.57 (Table 1 ). All participants had increased waist circumference for age (13) , which correlates with insulin resistance in youth (14) . Seven participants had hyperandrogenism by either hirsutism or elevated morning free-T level, as previously defined (15) . Five participants were postmenarcheal but none by .4 years; of those who were at least 2 years postmenarcheal, three of four had oligomenorrhea (i.e., fewer than nine menses per year).
No girl had congenital adrenal hyperplasia, hyperprolactinemia, hypothyroidism, or Cushing syndrome, and none met criteria for diabetes mellitus by HbA1c or fasting glucose level. No participant had taken any medication known to affect metabolism or the reproductive system within 3 months of the study.
Study procedures
As previously described (16) , all participants underwent a detailed medical history and physical examination, including determination of Tanner (pubertal) stage for breast development. Screening blood tests were obtained between 0800 and 0900 to ensure good general health and to exclude unexpected hormonal abnormalities. Measures of adiposity included body composition [i.e., fat mass, fat free mass, and percentage of body fat by air displacement plethysmography (BOD POD; COSMED, Concord, CA)] and waist circumference, which were assessed while fasting in the Exercise Physiology Core Laboratory. Bone age was assessed by plain radiograph of the left hand and wrist.
All remaining study procedures were performed in the Clinical Research Unit (CRU). Premenarcheal girls (n = 6) underwent CRU admission at their convenience. Postmenarcheal participants were admitted on or after cycle day 7. Documentation of plasma progesterone level ,1.5 ng/mL was required within 4 days (inclusive) before scheduled admission. For 3 days before CRU admission, participants were instructed to refrain from strenuous physical activity and to follow a weight-maintaining diet consisting of 55% carbohydrates ($200 g/d), 30% fat, and 15% protein.
Participants were admitted to the CRU at 1600 after 4 hours of fasting [ Fig. 1(a) ]. Participants underwent a standardized MMTT [40% of estimated daily energy requirement (55% carbohydrates, 30% fat, and 15% protein)] at 1900. Blood was obtained via an indwelling forearm intravenous catheter to measure insulin and glucose concentrations every 30 minutes from 1800 to 2100. Participants fasted thereafter, and blood samples for insulin were obtained every 30 minutes from 2100 to 2400 and every hour from 2400 to 0700. Fasting insulin and glucose levels were obtained every 30 minutes from 0700 to 0830 and every 15 minutes from 0830 to 0900.
Frequent blood sampling for gonadotropins and sex steroids was performed overnight as follows: LH every 10 minutes (from 1800 to 0900); and FSH, estradiol, T, and progesterone every 20 minutes (from 1800 to 0740; combined into 2-hour pools). GH level-a driver of the physiological insulin resistance of puberty (17)-was measured every 20 minutes (combined into 2-hour pools) from 2200 to 0740. Lights were extinguished at 2200 and sleep encouraged until 0700; sleep was monitored using wrist actigraphy (Motion-Logger Basic-L; Ambulatory Monitoring, Inc., Ardsley, NY) (18) . Serum SHBG level was measured at 0700. Samples for total-T measurements were collected every 30 minutes from 0700 to 0830; these samples were first pooled and then separated into two identical samples for measurement of total T by both radioimmunoassay (RIA) and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Given cost and blood-volume constraints, we were unable to use LC-MS/MS for all T analyses, but LC-MS/MS was used to confirm the validity of the RIA assay.
For the insulin clamp, a catheter was placed in a forearm or antecubital vein for administration of insulin and glucose; another catheter was placed in a contralateral dorsal hand vein for frequent assessment of plasma glucose concentrations. "Arterialized" venous samples were obtained by warming the hand and forearm on the side containing the dorsal hand venous catheter. Baseline plasma glucose level after approximately 13.75 hours of fasting was calculated as the average of measurements from 0700 to 0900. Regular human insulin was infused intravenously from 0900 to 1100 at a dose of 80 mU/ m 2 /min (19, 20) , which was a dose expected to suppress hepatic glucose output. Every 5 minutes during insulin infusion, plasma glucose was immediately measured and used to adjust the glucose infusion rate (a 20% dextrose solution was administered) to maintain plasma glucose levels within 10% of baseline. Serum insulin concentrations were obtained every 15 minutes from 0830 to 0900, every 30 minutes from 0900 to 1030, and every 15 minutes from 1030 to 1100. The following steroid hormones were measured at the start and end of the insulin clamp (i.e., 0900 and 1100): progesterone, 17-hydroxyprogesterone, dehydroepiandrosterone, androstenedione, T, and estradiol.
Hormone assays
Most hormones were assayed in duplicate in the same assay by the UVA Ligand Assay and Analysis Core of the Center for Research in Reproduction. Samples with measured values below an assay's functional sensitivity [i.e., the lowest standard to demonstrate accuracy within 20% and an intra-assay coefficient of variation (CV) ,20%] were assigned the assay's sensitivity. Total T was measured by RIA (Siemens, Healthcare Diagnostics, Los Angeles, CA) (sensitivity, 10 ng/dL; intra-assay CV, #6.1%; interassay CV, #8.1%). In 10 of 11 participants, total T was also measured by LC-MS/MS (Mayo Medical Laboratories, Rochester, MN) (sensitivity, 7 ng/dL; intra-assay CV, #6.0%; interassay CV range, 7.9% to 15.8% at 12.0 to 48.6 ng/dL) (21) . Correlation between RIA and LC-MS/MS results was excellent [Spearman rank correlation (r s ) $ 0.97, P , 0.0001]; and because LC-MS/MS results were not available for all participants, we used RIA results for primary analyses. SHBG, LH, and insulin levels were measured by Abbreviations: DHEA-S, dehydroepiandrosterone sulfate; IQR, interquartile range; LC-MS/MS, liquid chromatography-tandem mass spectrometry; oligo, ,9 menses/y; pre, premenarcheal; reg, regular menses. a Shapiro-Wilk testing was used to determine which variables show evidence for skewness (i.e., appear not to follow a normal distribution). Apparently nonskewed data are presented as mean 6 SD; apparently skewed data are shown as median (IQR). b ,2 years since menarche.
c Average of every-30-minute samples from 0700 to 0830 during study admission.
d From 0700 sample during study admission.
e From 0900 sample during study admission.
f From 0900 single sample while fasting during screening visit.
doi: 10.1210/jc.2018-00131 https://academic.oup.com/jcemchemiluminescence (Immulite 2000, Siemens Healthcare Diagnostics, Los Angeles, CA) (sensitivities, 0.2 nmol/L, 0.1 IU/L, and 2.6 mIU/mL, respectively; intra-assay CV, #4.8%; interassay CV, #7.9%). Other assay characteristics are described in detail in Supplemental Materials.
Data analysis
Morning total-T concentration was calculated as the average from 0700 to 0830. Free T was calculated from morning total-T and SHBG levels, using the following equation:
. In this equation, FT stands for free T (pmol/L); K T is the associated constant of SHBG for T (1.0 3 10 9 ); T is the total T concentration (ng/dL); SHBG is the SHBG concentration (nmol/L); and N is K A (C A ) + 1, where K A is the association constant of albumin for T (3.6 3 10 4 ) and C A is the concentration of albumin (assumed to be 4.3 g/dL) (22) . To convert free T in picomoles per liter to picograms per milliliter, divide by 3.467. Although this is not the gold standard method for estimating free-T level, it correlates well with free-T level measured by equilibrium dialysis (22) . Glucose metabolized (23) was calculated as the average steady-state glucose infusion rate during the last 30 minutes of the clamp as a function of body weight (measured in milligrams per kilogram per minute). To normalize for variable insulin levels achieved with insulin infusion, the insulin sensitivity index (ISI) was calculated as glucose metabolized divided by the average steady-state insulin concentration (measured in micro international units per milliliter) during the last 30 minutes of the clamp (measured as milligrams per kilogram per minute per micro international units per milliliter multiplied by 100) (23) .
Because blood withdrawal limits did not allow frequent assessments of insulin and LH levels over 24 hours, our a priori plan was to estimate 24-hour average insulin and LH levels. Based on 24-hour insulin profiles in normal participants with obesity (24), we assumed that periprandial and fasting values account for approximately two-thirds and one-third, respectively, of a 24-hour period. Accordingly, we estimated average 24-hour insulin as follows: (mean insulin level from 1800 to 2100 3 16/24) + (mean insulin level from 0700 to 0900 3 8/24). Because sleep vs wake LH secretion can differ markedly depending on pubertal stage, we assumed that 9 of 24 hours are reflected by mean LH level from 2200 to 0700 (sleep values) and 15 of 24 hours are reflected by mean LH level from 1800 to 2200 and 0700 to 0900 (wake values). Thus, average 24-hour LH level was estimated as follows: (sleep LH level 3 9/24) + (wake LH 3 15/24). Of note, estimated 24-hour insulin and LH concentrations were highly correlated with the average of all preclamp insulin and LH measurements, respectively (r s = 0.98 and 0.97, respectively; P , 0.0001 for both).
To interrogate unanticipated results from our primary analysis, we assessed (post hoc) the relationships among adiposity (BMI z-score and percentage of body fat), ISI, and insulin secretion. The latter included calculation of an insulinogenic index based on MMTT results as follows: change in insulin from time zero (fasting) to 30 minutes after mixed-meal ingestion divided by change in glucose from time zero to 30 minutes after mixed-meal ingestion. When calculated for an oral glucose tolerance test, the insulinogenic index correlates well with first-phase insulin responses to intravenous glucose (25) , and a plot of insulinogenic index vs insulin sensitivity follows a curvilinear shape normally but flattens when individuals develop b-cell insufficiency (26, 27) .
Statistical methods
As our a priori primary analysis, we used partial Spearman rank (nonparametric) correlation to examine the relationship between morning free-T level (dependent variable) and ISI (independent variable), controlling for estimated 24-hour LH level and Tanner stage (covariates). In essence, the partial correlation between free-T level and ISI represents the unique correlation between free-T level and ISI that is not shared by 24-hour LH level and Tanner stage. As secondary analyses, we similarly assessed the relationship between morning free-T and estimated 24-hour insulin levels while controlling for estimated 24-hour mean LH level and Tanner stage; and the relationship between morning free-T and estimated 24-hour LH levels while controlling for estimated 24-hour insulin level and Tanner stage. We also performed simple Spearman rank correlations to examine simple relationships between morning free-T level and ISI, estimated 24-hour insulin level, and estimated 24-hour LH level. We used Wilcoxon signed-rank tests to compare sex steroid concentrations before (at 0900) and at the end of the insulin clamp (at 1100).
Unless otherwise stated, data are presented as mean 6 SD. When results of Shapiro-Wilk testing suggested non-normal data distribution, results are presented as median [interquartile range (IQR)]. For all tests, a two-sided P value # 0.05 was used as the null hypothesis rejection rule. All statistical analyses were performed using SAS, version 9.4 (SAS Institute, Cary, NC).
Results

Free-T concentrations
Morning free-T concentrations were highly variable (median, 5.9 pg/mL; IQR, 4.1 to 16.6 pg/mL), with a 12.2-fold difference between maximum and minimum (range, 2.6 to 31.8 pg/mL; Table 2 ).
Insulin sensitivity and hyperinsulinemia as predictors of morning free-T concentration
The median periprandial insulin concentration (1800 to 2100) was 80 mIU/mL (IQR, 60 to 149 mIU/mL), and average fasting insulin level (0700 to 0900) was 24.9 6 Abbreviations: M, glucose metabolized. a Shapiro-Wilk testing was used to determine which variables show evidence for skewness (i.e., appear not to follow a normal distribution). Apparently nonskewed data are presented as mean 6 SD; apparently skewed data are shown as median (IQR). End points of interest are listed according to the order of assessment during study admissions. b Average of every-30-minute samples from 1930 to 2100.
c Average of every-30-minute samples from 1800 to 2100.
d Average from 1800 to 0740.
e From 1800 to 0900.
f Average of 2-hour pools from 2200 to 0750.
g Calculated as percentage of total sleep period (2200 to 0700) occupied by sleep (measured by wrist actigraphy).
h Average of every-30-minute samples from 0700 to 0830.
i Single sample from 0700.
j Primary end point.
k Average of every-30-minute samples from 0700 to 0900.
doi: 10.1210/jc.2018-00131 https://academic.oup.com/jcem9.7 mIU/mL, yielding estimated average 24-hour insulin concentrations of 76.1 6 34.9 mIU/mL (Table 2) . Notably, insulin values returned to fasting levels by 5 to 6 hours after the start of mixed-meal ingestion [ Fig. 1(b) ]. During the insulin clamp, steady-state insulin concentrations were 165.8 6 53.1 mIU/mL, or 6.6-fold higher than fasting values. Of interest, average insulin concentrations after MMTT (1930 to 2100) were 155.9 6 80.0 mIU/mL, similar to insulin levels achieved during the insulin clamp (P = 0.70 by Wilcoxon signed-rank test). ISI was 2.23 6 1.09 mg/kg/min per uIU/mL insulin 3 100, with all ISI values suggesting insulin resistance (range, 1.07 to 4.34) (28) . The simple correlation between ISI and free-T level was not statistically significant [r s = 0.20, P = 0.56; Fig. 2(a) ]. However, correcting for differences in maturation (Tanner stage) and estimated 24-hour LH level (i.e., our preplanned primary analysis) unveiled a significant positive correlation between ISI and free-T level (r s = 0.68, P = 0.046). Similar results were obtained when using free-T levels calculated using LC-MS/MS (r s = 0.78, P = 0.023). Because SHBG level is known to decrease with hyperinsulinemia (29), we considered the possibility that this relationship with free T could primarily reflect changes in SHBG level. However, morning total-T level demonstrated a similar relationship with ISI when controlling for estimated 24-hour LH level and Tanner stage (RIA: r s = 0.65, P = 0.060; LC-MS/MS: r s = 0.74, P = 0.036). Similar results were obtained when using alternative strategies for estimating ISI (Supplemental Table 1 ). Estimated 24-hour insulin level did not significantly correlate with free-T level [r s = 0.29, P = 0.39; Fig. 2(b) ], even after adjusting for estimated 24-hour LH and Tanner stage (r s = 0.47, P = 0.20). Similar results were obtained when using alternative strategies for estimating periprandial insulin levels (Supplemental Table 2 ).
LH exposure as a predictor of morning free-T level
The median estimated 24-hour LH concentration was 3.1 mIU/mL (IQR, 1.3 to 4.8 mIU/mL; Table 2 ). Estimated 24-hour LH appeared to correlate with free-T level, although this did not reach statistical significance [r s = 0.60, P = 0.051; Fig. 2(c) ]. Results were similar after adjusting for estimated 24-hour insulin and Tanner stage (r s = 0.63, P = 0.067).
Post hoc analyses: relationships among adiposity, ISI, and insulin secretion BMI z-score did not significantly correlate with ISI [r s = 20.35, P = 0.29; Fig. 3(a) ], estimated 24-hour insulin (r s = 20.05, P = 0.89), fasting insulin (r s = 0.57, P = 0.068), or insulinogenic index (r s = 0.32, P = 0.34) in our cohort, even when correcting for Tanner stage (P . 0.10 for all). Similar results were observed when adiposity was expressed as percentage of body fat (P . 0.10 for all).
All girls exhibited insulin resistance, but ISI did not correlate with estimated 24-hour insulin level [r s = 20.11, P = 0.75; Fig. 3(b) ], fasting insulin (r s = 20.52, P = 0.10), or insulinogenic index (r s = 20.26, P = 0.43), even when correcting for Tanner stage (P . 0.10 for all). A plot of MMTT insulinogenic index against clamp-derived ISI did not clearly demonstrate a curvilinear relationship [ Fig. 3(c) ] (26), suggesting the possibility of relative impairments of pancreatic b-cell function in some study participants. In support of this latter notion, we note that five girls had HbA1c values $5.7% and several girls (participants 6, 9, and 10) simultaneously exhibited low ISI, low estimated 24-hour insulin levels, and low insulinogenic index [ Fig. 3(b) and 3(c) ].
Results in girls with and without PCOS
Three girls (participants 8, 10, and 11) met criteria for PCOS [i.e., hyperandrogenism plus oligomenorrhea ($2 years postmenarcheal)]. Although these girls had the lowest ISI values of the group, they had variable morning free-T levels (5.3, 5.6, and 16.6 pg/mL, respectively). Although two of these three girls had the highest estimated 24-hour insulin levels, their estimated 24-hour LH values were similar to those of other girls in the cohort. When we restricted analysis to the eight participants who did not meet criteria for PCOS, the relationship between ISI and morning free-T level (controlling for estimated 24-hour LH level and Tanner stage) remained significant (r s = 0.84, P = 0.034).
Acute steroid responses to hyperinsulinemia
No significant changes were observed across the 2-hour insulin clamp for progesterone, 17-hydroxprogesterone, dehydroepiandrosterone, or androstenedione (Supplemental Table 3 ; Supplemental Fig. 1 ). However, average total-T and estradiol levels decreased by 4.5 ng/mL and 5.3 pg/mL, respectively (P = 0.004 and 0.019, respectively).
Discussion
Clinical manifestations of PCOS frequently begin at puberty (5, 30) , and adolescent hyperandrogenemia can be a precursor to full-blown PCOS (5, 6). However, little is known about the pathogenesis of adolescent hyperandrogenemia. Insulin resistance has long been associated with hyperandrogenemia (3, 4). However, prior adolescent studies have not addressed the relationships among free-T levels, insulin resistance (by insulin clamp), and estimates of 24-hour insulin and LH concentrations.
Our study confirmed that peripubertal girls with obesity can demonstrate highly variable free-T concentrations, in keeping with findings in prior reports (8, 10) . Our current cohort exhibited marked free-T variability despite similar degrees of marked insulin resistance. Our a priori hypothesis was that insulin resistance (indicated by lower ISI value) would independently predict higher free-T level. However, in contrast to this hypothesis, greater insulin sensitivity (indicated by higher ISI value) was associated with higher free-T level after correcting for differences in pubertal stage and estimated 24-hour LH level. An analysis using total-T levels provided similar results, suggesting that T production is positively correlated with ISI.
The meaning of this unexpected relationship is unclear. Indeed, when we hypothesized that greater degrees of insulin resistance would be associated with higher free-T concentrations, we implicitly hypothesized that compensatory hyperinsulinemia would mediate this relationship. However, although ISI values in our cohort of girls (mean 6 SEM, 2.23 6 0.03) were similar to those in a previous report of obese girls with and without PCOS (mean 6 SEM, 1.4 6 0.7 and 2.7 6 1.0, respectively) (31), we observed several findings suggesting that, as a group, our study cohort did not exhibit the expected relationship between insulin resistance and compensatory hyperinsulinemia. For example, ISI did not correlate with estimated 24-hour insulin or fasting insulin levels, even after correcting for pubertal stage, and we did not clearly observe the expected relationship between ISI and insulinogenic index (27) . These and other findings [e.g., impaired fasting glucose (participant 8); elevated glucose 1 and/or 2 hours after MMTT (participants 1 and 4); and HbA1c values $5.7% (participants 5, 7, 8, 10, and 11)] suggest that some girls in our cohort may have had relative reductions in pancreatic b-cell function (32, 33) . We suggest that a relationship between circulating insulin concentrations and free-T level was masked in our cohort, in part because all participants demonstrated hyperinsulinemia, but also because relative reductions in pancreatic b-cell function, at least in some participants, may have limited compensatory hyperinsulinemia in the setting of worsening insulin resistance. Regardless, we noted examples of participants with normal free-T values despite very high insulin levels [ Fig. 2(b) ]. Thus, whereas numerous studies confirm a role for hyperinsulinemia in obesity-associated hyperandrogenemia, our results corroborate prior studies suggesting that additional factors also play important roles in this regard.
We note that our results contrast with those of recent reports. In a study of obese adolescent girls with and without PCOS, free androgen index was negatively associated with glucose infusion rate during insulin clamp by simple (univariate) correlation (34) . In a study of nonobese adolescent girls with and without PCOS, glucose infusion rate during insulin clamp did not significantly correlate with total-T concentrations (35) . Reasons for the discordance between our results and these two larger studies are unclear, but we note that neither study included adjustments for differences in ambient LH concentrations, which we believe to be important determinant of androgen levels. Further clarification will require additional study.
PCOS as an entity presents an interesting insulin paradox, whereby androgen-production pathways in ovarian and adrenal tissue remain sensitive to the stimulatory effects of hyperinsulinemia despite resistance to the metabolic effects of insulin (36) . Although steroidogenic cell sensitivity to insulin likely varies among individuals, in vivo methods to quantify this are not available. We speculate that our unexpected findings may partly reflect variable steroidogenic-cell insulin sensitivity with respect to androgen production. In particular, if we stipulate that steroidogenic-cell insulin sensitivity with respect to androgen production correlates positively, Figure 4 . A hypothetical model. This model stipulates steroidogenic cell insulin sensitivity is a determinant of androgen production, and that although steroidogenic-cell insulin sensitivity is substantially greater than peripheral (muscle) metabolic insulin sensitivity (in keeping with the insulin paradox), it correlates positively with peripheral metabolic insulin sensitivity. The figure denotes how plasma insulin levels generally increase as a function of worsening ISI [i.e., increasing peripheral (muscle) metabolic insulin resistance], but insulin concentrations may plateau (i.e., may not vary as a simple function of insulin sensitivity) due to emerging b-cell failure. The shaded area labeled "A" represents the putative range within which the strong relationship between insulin and T concentrations masks a positive correlation between insulin sensitivity and T. The shaded area labeled "B" represents the putative range within which hyperinsulinemia may be marked but may not vary as a simple function of insulin sensitivity, thus unmasking a positive correlation between insulin sensitivity and T.
albeit weakly, with metabolic insulin sensitivity-a stipulation that cannot currently be confirmed-a relationship between ISI and free-T level may be demonstrable when all participants are hyperinsulinemic and/or when hyperinsulinemia does not vary as a simple function of insulin sensitivity (e.g., when b-cell failure develops in the setting of insulin resistance; Fig. 4) . Assessment of this speculative hypothesis requires additional study.
In keeping with results reported in earlier studies (10, 16, 37) , our findings suggest LH concentration is an important determinant of free T in girls with obesity. Of interest, estimated 24-hour LH values ,2 IU/L were not accompanied by elevated free-T levels, even in two girls in our study who were at later pubertal stages. Thus, this suggests that a threshold amount of LH is required for the development of hyperandrogenemia. This finding aligns with in vitro data demonstrating that insulin alone does not stimulate androgen production as effectively as it does when administered along with LH (38) . Interestingly, we observed marked free-T variability at LH values approximating 3 to 5 IU/L [ Fig. 2(c)] ; we speculate that participants in this range with higher free-T levels may have inherent or acquired exaggerated ovarian or adrenal responsiveness to LH or ACTH, respectively, and/or greater degrees of steroidogenic-cell insulin sensitivity.
Short-term insulin exposure via insulin clamp did not increase serum levels of androgens or their precursors in our participants, in keeping with findings of some previous studies (39) (40) (41) . However, 2 hours of exogenous hyperinsulinemia may not be sufficient to increase ovarian and/or adrenal sex-steroid production, as implied by some, but not all, studies using 12 to 17 hours of insulin infusion (39, 42) . We also note that the participants in our study exhibited marked hyperinsulinemia, and insulin concentrations during the insulin clamp were similar to those after a standardized mixed meal. Therefore, it is possible that the insulin clamp did not produce unusual hyperinsulinemia for these participants. It is important to note that our findings could also reflect an increase in hormone metabolism that either matched or exceeded any increase in secretion. The decrease in T and estradiol levels across the clamp was unexpected. We speculate that this observation reflects normal diurnal variations, because T and estradiol concentrations normally exhibit early-morning peaks and later-morning decreases (43, 44) .
We recognize several limitations of the current study. First, our sample size was relatively small; the recruitment of adolescent girls to participate in detailed inpatient studies can be challenging. Because similar data do not currently exist, to our knowledge, we believe that these findings remain valuable nonetheless. Second, although all our participants had obesity, the sample cohort demonstrated heterogeneity in other ways. By design, participants exhibited variable maturational stage and, thus, variable LH concentrations. We note that some heterogeneity in the independent variables of interest is helpful as we try to discern the predictors of T concentrations in peripubertal girls with obesity. We also observed some variation in percentage of body fat, and peripheral insulin sensitivity partly relates to muscle mass. Regardless, the variability in percentage of body fat observed in our study seemed similar to other reported studies (34) ; body fat percentage did not correlate with ISI, estimated 24-hour insulin levels, or morning free-T levels in our cohort (P . 0.1 for all). Correlation analyses using fat-free mass or body surface area for ISI calculations yielded similar results to those of our primary analysis (Supplemental Table 1 ). Third, insulin and LH measurements over a limited time remain relatively imprecise to estimate integrated day-to-day insulin and LH concentrations. Although 24 hours of sampling may possibly provide a better estimate in this regard, doing so in pediatric participants is impractical. We also recognize that a standardized evening MMTT did not recapitulate each participant's normal food intake in terms of timing, amount, and macronutrient composition; nor did it account for potentially different insulin responses at different times of day. Fourth, although we asked participants to refrain from strenuous activity for 3 days before the study, we did not assess baseline activity levels, which can influence insulin sensitivity and androgen concentrations (45, 46) . However, participants in our cohort were generally sedentary, and we would expect that any influence of variable baseline activity (unmeasured) on free-T level would be mediated by effects on ISI and/or insulin levels (measured). Last, with regard to our post hoc analyses evaluating b-cell function, we adapted oral glucose tolerance test-derived assessments of insulin secretion (insulinogenic index) to MMMT. Although MMTT is not typically used to calculate estimates of insulin secretion, the MMTT is capable of generating elevated glucose responses in participants with prediabetes, and the MMTT can disclose progressive decreases in b-cell function measured using different methodologies (47) .
We also note that our study cohort included three girls who met criteria for PCOS and who demonstrated the lowest ISI values. We recognize that the 80 mU/m factors contribute to free-T levels in adolescent girls with obesity. Also of interest, the independent relationship between ISI and morning free-T level was evident in the eight girls who did not meet criteria for PCOS, suggesting that our primary finding was not driven by inclusion of three girls with PCOS.
Numerous variables contribute to circulating androgen concentrations in adolescent girls, including ambient LH levels, insulin sensitivity, ambient insulin levels (e.g., degree of compensatory hyperinsulinemia), ovarian responses to stimulation by LH and/or insulin, adrenal responses to stimulation by ACTH and/or insulin, extraglandular steroidogenesis, and SHBG levels, to name only a few. Individuals exhibit variability in all these factors: In a given individual, some of these variables may tend to increase androgen levels to a greater or lesser degree, whereas other variables may tend to limit androgen levels to a greater or lesser degree. In some adolescents, the composite of all such effects renders hyperandrogenemia. Although we did not assess all plausible determinants of circulating free-T concentrations, our results imply that simultaneously addressing numerous relevant predictor variables is important for identifying the most important determinants of free-T levels in adolescents with obesity.
In summary, our results suggest that, among obese adolescent girls with significant insulin resistance and hyperinsulinemia, greater insulin sensitivity predicts higher circulating free-T concentrations. This finding may seem counterintuitive in light of previous studies; however, it would be consistent with a situation in which (1) steroidogenic-cell sensitivity to insulin augmentation of T production is an important determinant of circulating free-T levels; (2) metabolic insulin resistance in muscle roughly correlates with theca cell sensitivity to insulin (with respect to androgen production); and (3) compensatory insulin secretion reaches a plateau in the setting of severe insulin resistance, perhaps in part a reflection of developing b-cell insufficiency. Exploration of this hypothesis will require additional study.
